In the last decade，significant advances have occurred in finite element simulation of crash energy management and experimental data acquisition systems. Accordingly, the crashworthiness simulation evaluation has become of increasing importance. This paper introduces several civil aircraft crashworthiness simulation codes and takes an overview of the research status of the technical aspects of the foreign civil aircraft structure crashworthiness simulation evaluation. A fuselage section crash simulation was conducted using LS-DYNA, in order to promote civil aircraft structural crashworthiness simulation evaluation technology and to provide technical support for civil aircraft with independent intellectual property rights.
Abstract
In the last decade，significant advances have occurred in finite element simulation of crash energy management and experimental data acquisition systems. Accordingly, the crashworthiness simulation evaluation has become of increasing importance. This paper introduces several civil aircraft crashworthiness simulation codes and takes an overview of the research status of the technical aspects of the foreign civil aircraft structure crashworthiness simulation evaluation. A fuselage section crash simulation was conducted using LS-DYNA, in order to promote civil aircraft structural crashworthiness simulation evaluation technology and to provide technical support for civil aircraft with independent intellectual property rights.
Introduction
While crash avoidance has been and will continue to be the main theme in aircraft safety, the design for crash survivability has become of increasing importance, not in the least because so many crashes have been demonstrated to be potentially survivable. Crashes on take-off and landing around the airfields were shown to be the most common survivable crash scenarios [1] .During a severe, but survivable crash, the two primary rationales for incorporating crashworthy design features into aircrafts are to limit the impact forces transmitted to the occupants and to maintain the structural integrity of the fuselage to ensure a minimum safe occupant volume [2] [3] . An important aspect of crashworthiness research is the demonstration and validation of computational tools for accurate simulation of airframe structural response to crash impacts. Numerical simulations have the potential to greatly facilitate the crashworthy design process, to help certify seats and aircraft to dynamic crash loads, to predict seat and occupant response to impact with the probability of injury, and to evaluate numerous crash scenarios not economically feasible with fullscale crash testing.
The Capabilities of The Common Crashworthiness Simulation Code
The main reason for encouraging the use of numerical simulations is crash testing of full-scale aircraft, especially prototype aircraft, is relatively expensive. Also, due to the limited availability and high cost of test articles, it is generally not feasible to perform repeated tests or a large number of tests for different impact conditions. To assess the current state-of-the-art in computational methods for crash analysis, it is important to understand the capabilities of each of the commonly used codes. Thus, brief descriptions of KRASH, MSC.Dytran, and LS-DYNA are provided in the following subsections.
More than 30 years ago, the U.S. Army sponsored initial development of a kinematic crash analysis code, KRASH [4] , by the Lockheed-California Company. Kinematic codes employ a semiempirical modeling approach using lumped masses, beams, and nonlinear springs to represent the airframe structure. These codes rely heavily on test data for definition of spring properties to characterize the crushing behavior of the subfloor, landing gear, and other energy absorbing components. In general, KRASH models are relatively easy to put to gether, though considerable engineering judgment is required to define the beam stiffness properties. The models are relatively small, consisting of only a few beam elements, masses, and springs, and, consequently, they execute quickly on a personal computer.
MSC.Dytran [5] is a three-dimensional, explicit finite element code capable of analyzing high-speed problems involving large deformation of structures and solids. MSC.Dytran has the capability to model non-uniform gas dynamics and fluid-structure interactions. It does this by coupling a Lagrangian processor for structural modeling with an Eulerian processor for modeling the gas dynamics. In addition, MSC.Dytran offers contact elements to handle sliding and frictional contact of structural elements. The code has been commercially available since 1992 and has been applied to several problems related to high-speed impact such as airbag analysis, ballistics, blast vulnerability, blast containment, ship collision, bird strike, and helicopter crashworthiness.
LS-DYNA [6] is a general-purpose finite element code for analyzing the large deformation dynamic response of structures including structures coupled with fluids. The main solution methodology is based on explicit time integration. An implicit solver is also available. A wide variety of contact definitions are available including self-contact, surface-to-surface contact, and node-to-surface contact. LS-DYNA currently contains over one hundred constitutive models and ten equations-of-state to cover a wide range of material behavior. Fluid-structure interaction problems are simulated using Arbitrary Euler-Lagrange (ALE) coupling. [7] The FAA made early use of the developing KRASH analytical tools in their structuring of the FAA's Crash Dynamics Program Plan that lead to the definition of the seat dynamic performance standards found in 14 CFR Part 25, §25.562. The comprehensive Crash Dynamics Program Plan was structured to identify survivable crash scenarios that would then be related in a concerted manner using analyses and tests to the airframe's and seat/occupants' impact response and the potential for occupant injury. The program elements were key analytically based elements that were used to conduct the numerous parameter studies needed to supplement the sparse full-scale test data elements. An example of one of those parameter studies was the FAA sponsored use of program KRASH to predict the airframe impact response and structural performance of a transport category airplane subjected to a range of survivable impact conditions. The Controlled Impact Demonstration (CID) was a joint FAA/NASA full-scale airplane air-to-ground impact test conducted in December 1984 using a Boeing Model 720 airplane. The objectives of the test were to measure the airframe impact response and evaluate the effectiveness of several crashworthiness features including the effectiveness of anti-misting fuel to suppress a post crash fire. The CID impact test provided a unique opportunity to analytically simulate a full-scale airplane impact test with the KRASH "stick model" model and to validate the simulation model using the measured impact data. [8] In October of 1999, a 30-ft/s vertical drop test of a 10-ft-long fuselage section of a Boeing 737 aircraft was conducted at the Federal Aviation Administration (FAA) William J. Hughes Technical Center. A second drop test of a similar B737 fuselage section was conducted in November of 2000 in which two different overhead stowage bins were evaluated. These tests present an invaluable opportunity to evaluate the capabilities of computational tools for crash simulation through analytical and experimental correlation. To perform this evaluation, a full-scale three-dimensional finite element model of the fuselage section was developed. A crash simulation was conducted using the explicit, nonlinear transient dynamic code, MSC.Dytran. For the initial simulation, structural deformation and floor-level acceleration responses were generated and correlated with experimental data obtained during the drop test of the B737 fuselage section with the auxiliary fuel tank. The focus of the follow-on simulation was to develop pretest predictions of the fuselage and overhead bin responses for correlation with data from the vertical drop test of the second B737 fuselage section. An assessment of the accuracy of the pretest predictions was made and model improvements were suggested. Several of the model improvements were implemented and the effects of the changes on model accuracy were evaluated. [9] On July 30, 2003, the Federal Aviation Administration conducted a 30-ft/sec vertical drop test of the ATR 42-300 airplane. To develop and validate a numerical model of a vertical drop test of a regional transport airplane, the ATR 42-300, a multiyear research project was conducted. The objectives of the project were to develop a finite element model of the airplane, to execute the model to simulate a 30-foot per second (ft/sec) vertical drop test of the airplane, to perform an initial test analysis correlation, to conduct parametric assessments using the original model, and to evaluate model improvements such as incorporating updated material properties and performing a mesh refinement study. The simulations were executed using LS-DYNA, a nonlinear explicit transient dynamic finite element code. A three-quarter view of the ATR-42 airplane finite element model is developed. The finite element model of the airplane contained 57,643 nodes and 62,979 elements, including 60,197 quadrilateral shell elements, 551 triangular shell elements, 526 beam elements, and 1,705 point elements. Material properties were obtained from material handbooks. An edge-constrained contact surface was added and an automatic contact definition was used. All nodes within the airplane model were assigned an initial velocity of 360 inches per second (in. /sec) in the negative vertical direction.
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A Crashworthiness of Fuselage Section
In this paper, a fuselage section crash simulation was conducted using the explicit, nonlinear transient dynamic code, LS-DYNA. The model geometry was developed from the existing references' datas, since engineering or technical drawings of the fuselage section were not available. In order to keep the geometry as simple as possible, many joints, fasteners, and stringers were ignored. A geometric model of the fuselage section was developed containing the important structural features of the airframe. The geometric model was discretized and element and material properties were assigned. The complete finite element model of the fuselage section is shown in Fig 1. The LS-DYNA model represents the outer skin, fuselage frames and floor. Most of the primary structure was assumed to be either 2024 or 7075 aluminum, but the floor was used the composite kevlar-49. The vertical velocity of crash simulation of the fuselage section is 7.62m/s and 10.7m/s. The deformation of fuselage structure shown in Fig 2 and Fig 3 was generated. When the impact velocity is at 7.62m/s, displacement is mainly distributed in the upper body and floor. When the impact velocity is increased at 10.7m/s, the fuselage obviously generates deformation and displacement is mainly distributed in the bottom of the fuselage. The impact characteristics of fuselage section subjected to different vertical velocity were that, with the vertical velocity increasing, fuselage section damaged their structures in order to absorb impact energy. The stress cloud of composite kevlar-49 floor was shown in Fig 4 and Fig 5. When the impact velocity is at 7.62m/s, stress is mainly distributed in the floor and skin connection. When the impact velocity is increased at 10.7m/s, in the middle of floor, it generates four stress concentration zones. 
Conclusions
In this paper, we can see that future crash finite element model development could be expedited by correlation with experimental modal analysis results. Evaluation of the crash finite element simulation accuracy requires the comparison of results in several formats. The developed analytical tools have become valuable assets that are being used by designers and researchers to enhance the crashworthiness features of aircraft and to advance the state-of-the-art in aircraft crashworthiness.
